Co 2 FeSi/GaAs(110) and Co 2 FeSi/GaAs(111)B hybrid structures were grown by molecular-beam epitaxy and characterized by transmission electron microscopy (TEM) and X-ray diffraction. The films contained inhomogeneous distributions of ordered L2 1 and B2 phases. The average stoichiometry was controlled by lattice parameter measurements, however diffusion processes lead to inhomogeneities of the atomic concentrations and the degradation of the interface, influencing long-range order. An average long-range order of 30-60% was measured by grazing-incidence X-ray diffraction, i.e. the as-grown Co 2 FeSi films were highly but not fully ordered. Lateral inhomogeneities of the spatial distribution of long-range order in Co 2 FeSi were found using dark-field TEM images taken with superlattice reflections.
I. INTRODUCTION
Device concepts based on the spin rather than the charge of the electron have been recently introduced in the field of spintronics. These concepts are expected to lead to further improvements in device performance. Heusler alloys can be useful for sources of spin injection into semiconductors [1] [2] [3] as a first step for the fabrication of spintronic devices. [4] The Heusler alloy Co 2 FeSi (cubic L2 1 ordered structure, space group F43m, structure number 216 in Ref. 5 ) has some outstanding properties: It is a ferromagnetic half-metal with a Curie temperature larger than 1100 K [6] and a magnetic moment of 6µ B . [7] The lattice parameter (0.5658 nm) matches that of GaAs (0.5653 nm) [8] , i.e. it can be grown epitaxially on GaAs in the thickness range of interest without the formation of misfit dislocations. Therefore, Co 2 FeSi is a promising material for spin injection into GaAs-or Ge-based structures such as for example spin light-emitting diodes [9] [10] [11] , magnetic tunnel junctions [12] [13] [14] and spin field effect transistors [15] [16] [17] . However interface disorder due to interdiffusion or chemical reaction may be detrimental for technological application. [11, 18] X-ray and electron diffraction experiments yield information about structure and long-range order of Heusler alloys. [19] [20] [21] [22] [23] In this study Co 2 FeSi/GaAs(110) and Co 2 FeSi/GaAs(111)B hybrid structures grown by molecular-beam epitaxy (MBE) were investigated by transmission electron microscopy (TEM) and X-ray diffraction (XRD) in order to characterize the stability of the ferromagnet/semiconductor (FM/SC) interface and the structural properties of the Co 2 FeSi film. A complete long-range ordering and a perfect FM/SC interface seem to be inevitable for the utilization of the half-metallic properties of Co 2 FeSi [24] , i.e. to reach a high degree of spin polarization and successful spin injection into the semiconductor without severe scattering. Significant diffusion of any of the constituents can hamper this goal. The GaAs(110) substrate orientation has two big advantages: First, it has a longer spin lifetime compared to GaAs(001). [25] And second, the corresponding FM/SC interface is expected to maintain the half-metallic properties [26] , similar as the (111) oriented interface. [27] The GaAs (111) substrate orientation provides the FM/SC interface with the highest thermal stability. [ cross-sectional TEM specimens were prepared by mechanical lapping and polishing, followed by argon ion milling according to standard techniques. TEM images were acquired with a JEOL 3010 microscope operating at 300 kV. Electron energy loss spectroscopy (EELS) measurements were performed in the TEM with a spot size of ≈10 nm. The Co/Fe ratio was determined by the analysis of the Fe-L 2,3 and Co-L 2,3 edges after background subtraction. [29] Since the analysis was carried out without standards only the lateral changes of the composition ratio were determined in line scans. The cross section TEM methods provided high lateral and depth resolutions on the nanometer scale, however they averaged over the thickness of the thin sample foil (∼ 20 nm). High-resolution XRD and X-ray reflectivity (XRR) measurements were performed using a Panalytical X-Pert PRO MRD TM system with a Ge(220) hybrid monochromator (CuKα 1 radiation with a wavelength of λ = 1.54056Å, spot size several mm 2 ). The simulation of X-ray reflectivity curves was performed with the program Reflectivity TM provided by Panalytical. XRD patterns were calculated in dynamical approximation [30] . For the direct determination of the displacement depth profile from the XRD curves we used the X-ray phase retrieval method. [31, 32] We estimated the average long-range order using a comparison of the integrated intensities of superlattice and fundamental reflections [21] measured using grazing incidence diffraction (GID) of X-rays.
We measured the 111, 222, and 220 reflections with synchrotron radiation (energy 6900 eV, wavelength 0.179687 nm) at the beamline KMC2 of the electron storage ring BESSY II of the Helmholtz-Zentrum Berlin. i.e. the diffracting netplanes are perpendicular to the surface. GID has the advantage of a limited information depth for incidence (and/or exit) angles below the critical angle. [33, 34] In our case, this information depth is smaller than the film thickness, i.e. using GID we measure the region of the film near the surface and exclude an influence of the substrate. The degree of B2 ordering, S B2 , can be defined as follows:
where n random Co is the number of Co atoms on Co sites for the most random distribution, i.e.
the A2 structure, and n f ull−order Co is the number of Co atoms on Co sites in the ordered B2 structure. S B2 can be determined from XRD measurements using the relation between the even superlattice and the fundamental reflections [19, 20] : 
where n random F e is the number of Fe atoms on Fe sites for the random distribution, and
is the number of Fe atoms on Fe sites in the fully ordered structure. S L21 can be determined from XRD measurements using the relation between the odd superlattice and the fundamental reflections [22] , on the condition that S B2 is already known from equ. (2):
On this basis, we determined the average ordering in two of our samples grown on GaAs(110) at substrate temperatures T S of 100 and 200
• C (see Table 1 ). The averaging was performed over the whole information depth of the X-rays, which is however smaller than the film thickness, and laterally over an area of several mm 2 . The region near the FM/SC interface had to be excluded in order to avoid contributions of the GaAs lattice.
The result of 60% L2 1 ordering seems reasonable for thin films although in bulk material by means of long-term tempering at high temperatures, a higher degree of order is within reach. Such annealing is not possible for nanometer thick films because of accompanying interdiffusion processes, which lead to non-stoichiometry near the FM/SC interface. On the other hand, the growth at higher substrate temperatures lead to an increased order in the as-grown film. In Ref. • C by the strong interference fringes in the reflectivity curve, which were correctly reproduced by the corresponding simulation (thin line). The inset shows the depth profile of the mass density ̺ of the Co 2 FeSi film and the interface region used in the reflectivity simulation. In addition an interface roughness (RMS) of σ ≃ 0.5 nm was applied, which effectively leads to a smoothing of the density profile. The measurement results for substrate temperatures up to 250
• C (not shown here) are similar, but the reflectivity curve for T S = 300
• C already showed more pronounced differences.
Interference fringes vanished nearly completely. This points to rougher interfaces and/or strong interdiffusion. Reflectivity measurements are sensitive to mass densities and not to the crystallinity and the deformation fields of the film. A characteristic mass density profile, as shown in the inset of Fig. 2 , can occur for a diffusion zone [35] because diffusion is mutual:
On the one hand Co, Fe, and Si diffuse into the GaAs whereas on the other hand Ga and
As diffuse into the Co 2 FeSi. The diffusion of Co, Fe, and Si into the GaAs was confirmed earlier by SIMS revealing that the diffusion of Co is more pronounced than the diffusion of Fe and Si. [28, 36] A symmetrical reflection ( in our case e.g. the fundamental reflection 220) can be used for a basic XRD characterization of a heteroepitaxial film. to the FM/SC interface. We assume, in first approximation, an inhomogeneity along the direction perpendicular to the Co 2 FeSi/GaAs interface, i.e. we average laterally over an area of about one mm 2 as in the real X-ray experiment. We applied the method of phase retrieval X-ray diffractometry [31] for determination of the displacement depth profiles corresponding to the different diffraction curves. Figure 4 shows the resulting depth profiles of the later- The profiles of the lattice deformations were smoother than the profile of the mass density obtained from reflectivity measurements (Fig. 2) , indicating that measurable lattice deformations can be induced already by relatively low concentrations of foreign atoms thanks to the high strain sensitivity of XRD.
From the analysis of the XRD results, we obtained depth profiles of the lattice parameter revealing inhomogeneities inside the Co 2 FeSi film. Probably there was not only diffusion of Co, Fe, and Si into the GaAs buffer layer below the FM/SC interface but also into the opposite direction towards a native oxide and the free surface. Ga and As also diffused into the Co 2 FeSi film. [18, 35, 36] On the other hand direct measurements of surface temperature during MBE growth revealed an unintentional increase of T S during growth of about 50 K -60 K at these low growth temperatures, which probably had an additional influence on diffusion. We saw an impact of diffusion on the structural properties of the FM/SC hybrid structures. Therefore diffusion barriers are urgently needed in order to maintain the stoichiometry and the long-range order all over the film.
The average stoichiometry was tuned by minimization of the lattice mismatch between the growing Co 2 FeSi film and the GaAs substrate. a Ge matrix [39, 40] , a result of a two-dimensional spinodal decomposition. [41] In our case such a decomposition was probably expedited by the formation of magnetic domains [42, 43] during epitaxial growth of the Co 2 FeSi film, which is ferromagnetic even at growth temperature. Spinodal decomposition was already observed for other Heusler alloys. [38, 44] One has to pay attention to minor changes in the interference contrast in order to observe effects due to interdiffusion and/or ordering. GaAs(001). [45] There, the partly disordered B2 phase was found near the FM/SC interface.
Another issue is the interface stability with respect to the formation of precipitates shown in 
